Multibody charm decays have a rich phenomenology and potentially unique sensitivity to CP violation. In these proceedings we discuss recent results, challenges and prospects in searches for CP violation in three and four body charm decays.
Introduction
In the search for physics beyond the Standard Model, the search for Charge-Parity (CP ) violation in charm plays a special role. Charm provides a unique probe of New Physics contributions involving flavour-changing neutral currents in up-type quarks. The Standard Model prediction of zero or small CP violation in charm is rather precise (although slightly less precise than most of us had thought until a couple of years ago). The enormous, clean charm samples available at current and future facilities promise unprecedented precision in charm in a rich variety of decay channels.
CP violation, at least in the Standard Model, is due to CP -violating weak phases. These are observable when at least two amplitudes, A 1 and A 2 , with different strong and weak phases interfere. The resulting differential decay rate to the phase-space point p is dΓ dp (p) = |A 1 (p)| 2 + |A 2 (p)| 2 + 2 |A 1 (p)| |A 2 (p)| cos(∆δ s (p) + φ CP (p)) dΦ dp ,
where dΦ dp represents the density of states at p, ∆δ s is the CP -conserving strong interaction phase difference between A 1 (p) and A 2 (p), while φ CP is the CP -violating phase difference that changes sign under CP . For two-body decays, dΦ dp is a δ function as only one (zero-dimensional) phase space point is available. However, for 3, 4, 5, . . . body decays, the allowed phase space is at least 2, 5, 8, . . . dimensional. The strong phase difference varies across phase space, and so might the CP violating phase. This results in a much richer phenomenology than for two body decays, and motivates the search for local CP violation in different phase space regions, while integrating over all phase space might wash out any effects.
Common Analysis Features

Choice of decay mode -CF, SCS and DCS decays
The sensitivity to CP violation is related to the relative size of the interference term in Eq. 1, which is largest when A 1 and A 2 are of similar magnitude. Significant direct CP violation is therefore most likely in singly Cabibbo suppressed (SCS) decays, as here both tree and penguin amplitudes contribute with comparable magnitude. In Cabibbo favoured (CF) decays, the large SM tree contribution dominates and significant CP violation effects are unlikely. For doubly Cabibbo suppressed (DCS) decay amplitudes such as D 0 → K + π − * , there is no Standard Model penguin contribution. However, here the amplitude proceeding via D 0 → D 0 → K + π − is of a comparable magnitude; these "wrong sign" (WS) decays are therefore sensitive to CP violation in D mixing and in the interference between mixing and decay. 
Tagging and the special role of the charm threshold
, which is of considerable importance to a variety of analyses, including D mixing and CP violation [6, 7] and the measurement of the CP violating phase γ [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In Sec. 4.3 we briefly discuss how mixing itself can be used to improve the input from charm to the determination of γ [21].
3 Time-integrated Analyses
Model-dependent Analyses
Comparing results of amplitude fits to the phase space (Dalitz) distribution of multibody decays for CP -conjugate decay modes provides a measure CP violation. The advantage of this approach is the physical interpretation of any CP violation observation that such a fit result would allow. Recent searches using this approach include CLEO-c's amplitude analysis in
In the CDF analysis, based on 350 000 D 0 → K S ππ events [23], the statistical uncertainty is already of a similar magnitude as the systematic uncertainty, which is dominated by the model uncertainty. This indicates that with the data samples that will be available at LHCb and its upgrade, and at BELLE II, the model-induced systematic uncertainty would severely limit the precision of the analyses. One option is to use model-independent methods, some of which are described below. An alternative is to improve the theoretical description of amplitude models [24, 25] Time-integrated CPV Dº→K S ππ 8 introduced. Again, common parameters are used for the Gaussian-constrained masses and widths of the included resonances, the nonresonant contribution, the K Ã ð892Þ AE , f 0 ð600Þ, and 2 masses and widths, as well as the mistag fraction.
VII. SYSTEMATIC UNCERTAINTIES
The systematic uncertainties are categorized into experimental and modeling uncertainties. The considered experimental sources are efficiency asymmetries varying over the Dalitz plot, asymmetries of the background in the D 0 and D 0 samples, and the applied efficiency distribution which is estimated by simulated events and may not adequately model the composition of trigger configurations in data. Modeling uncertainties arise from the chosen values for the radius parameters in the Blatt-Weisskopf form factors and the limited knowledge on the complex dynamics of the three-body decay. In this context, the stability of the determined CP-violation quantities under variations of the employed Dalitz model is tested. The contributions from the various sources to the total systematic uncertainties can be found in Tables III, IV , V, and VI.
A. Efficiency asymmetry
The reweighting procedure of the D 0 Dalitz plot according to the deviations between the p T ð D ÃAE Þ distributions for positively and negatively charged pions may not fully correct for residual small asymmetries between the D 0 and D 0 efficiency distributions. To estimate the size of a systematic effect originating from such an asymmetry, the Dalitz-plot fits are repeated without reweighting the D 0 Dalitz plot. The scale of systematic uncertainties is estimated as the differences between the resulting values and the ones from the default fits.
B. Background asymmetry
To investigate a possible systematic effect originating from different Dalitz-plot distributions of the background in D 0 and D 0 data, the Dalitz-plot fits are repeated with two independent background samples distinguished by the charge of the slow pion in the D ÃAE decay. The systematic uncertainties are calculated as differences between the resulting values and the ones from the default fits.
C. Fit model
The systematic uncertainties originating from the specific model used for the Dalitz-plot fit are estimated by repeating the fits when one of the resonances K Ã ð1410Þ AE , introduced. Again, common parameters are used for the Gaussian-constrained masses and widths of the included resonances, the nonresonant contribution, the K Ã ð892Þ AE , f 0 ð600Þ, and 2 masses and widths, as well as the mistag fraction.
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The systematic uncertainties originating from the specific model used for the Dalitz-plot fit are estimated by repeating the fits when one of the resonances K Ã ð1410Þ AE , CDF 2012, 350k events
• Time-integrated analysis, model-dependent and model-independent search for CPV -no evidence for CPV in either.
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one of D 0 . Possible CP-violation asymmetries would appear as clusters of same-sign discrepancies. The sum of the squares of the significance asymmetries in each bin is expected to follow a 2 distribution. The p value can be calculated considering the number of degrees of freedom equal to the number of Dalitz-plot bins minus one (for the normalization). Furthermore, one expects a Gaussian distribution with mean equal to 0 and width of 1 for the histogram of the asymmetry significance distribution in case of vanishing CP violation.
The method is verified in simulation and then applied to data. As we test relative differences between D 0 and D 0 at different places in the Dalitz plot, we normalize D 0 and D 0 to the same area. With this approach, all asymmetries that are uniformly distributed over the Dalitz plot completely cancel.
However, an efficiency asymmetry varying over the Dalitz plot may mimic CP violation. As described in Sec. VI B, this problem is also relevant for the Dalitz-plot fits, and the reweighting procedure used there is applied here as well.
The resulting Dalitz-plot distribution of the asymmetry significance between the numbers of D 0 and D 0 candidates, with bin widths of 0:025 GeV 2 =c 4 in both dimensions, and the corresponding histogram are shown in Fig. 6 . The parameters obtained from the fit, ¼ 0:003 AE 0:014 and ¼ 0:987 AE 0:009, are consistent with a Gaussian distribution centered at zero with unit variance, and the p value calculated from the asymmetry significance distribution is p ¼ 0:96. The model-independent approach confirms that no CP violation is observed between the D 0 and D 0 decay amplitudes into the K 0 S þ À final state.
X. CONCLUSION
A Dalitz-amplitude analysis is employed to study the resonant substructure of the
In performing a full Dalitz-plot fit, the relative amplitudes, phases, and fit fractions of the various intermediate resonances are determined. The results are compatible and comparable in precision to the measurements from previous experiments [7, 8, 30, 32] . However, an efficiency asymmetry varying over the Dalitz plot may mimic CP violation. As described in Sec. VI B, this problem is also relevant for the Dalitz-plot fits, and the reweighting procedure used there is applied here as well.
The resulting Dalitz-plot distribution of the asymmetry significance between the numbers of D 0 and D 0 candidates, with bin widths of 0:025 GeV 2 =c 4 in both dimensions, and the corresponding histogram are shown in Fig. 6 . The parameters obtained from the fit, ¼ 0:003 AE 0:014 and ¼ 0:987 AE 0:009, are consistent with a Gaussian distribution centered at zero with unit variance, and the p value calculated from the asymmetry significance distribution is p ¼ 0:96. The model-independent approach confirms that no CP violation is observed between the D 0 and D 0 decay amplitudes into the K 0 þ À final state. one of D 0 . Possible CP-violation asymmetries would appear as clusters of same-sign discrepancies. The sum of the squares of the significance asymmetries in each bin is expected to follow a 2 distribution. The p value can be calculated considering the number of degrees of freedom equal to the number of Dalitz-plot bins minus one (for the normalization). Furthermore, one expects a Gaussian distribution with mean equal to 0 and width of 1 for the histogram of the asymmetry significance distribution in case of vanishing CP violation.
A Dalitz-amplitude analysis is employed to study the resonant substructure of the is defined, where ∆N i is the global-rate-adjusted difference between the D → f event yield in bin i, N i , and D → f yield in the CP conjugate bin, N i . The difference is corrected for global rate asymmetries by the factor α, which is the ratio of the total event yields α = N i / N i : ∆N i = N i − αN i . This removes any sensitivity to global rate asymmetries, but also makes the analysis robust against global production and detection asymmetries. The denominator in the definition of S i CP , σ(∆N i ), is the uncertainty on the numerator. With sufficiently large data samples, the sum over all S i CP follows a χ 2 statistics. This can be translated into a p-value, which represents the probability to obtain
2 as large as that found in a given experiment, or larger, under the assumption of no CP violation. In the absence of CP violation, the distribution of S i CP is expected to follow a Gaussian of width 1 and mean zero.
Results for 3-body decays
BaBar published this year a search based on 223 000 Fig. 1 . None of these analyses yielded evidence of CP violation in charm.
Results for 4-body decays
The same principles used to search for CP violation in three-body charm decays have been applied by the LHCb collaboration to four body SCS decays are calculated and a weighted average over the bins is performed to obtain the final result. This procedure is adopted because the distributions of the two decays in p T and ⌘ di↵er slightly, as shown in figure 4 , and the D ± production asymmetry may also vary over this range [11] . The p T ⌘ binning therefore reduces a potential source of systematic bias. The shapes of the D + (s) ! K 0 S ⇡ + mass peaks are described by single Cruij↵ functions [25] ,
with the peak position defined by the free parameter µ, the width by , and the tails by ↵ L and ↵ R . The parameter ↵ L is used for m < µ and ↵ R for m > µ. In the ⇡ + final state, Crystal Ball functions [26] are added to the Cruij↵ functions to account for the tails of the mass peaks. The signal lineshapes are tested on simulated data and found to describe the data well. The background is fitted with a straight line and an additional Gaussian component centred at low mass to account for partially reconstructed D + s ! K 0 S ( )⇡ + ⇡ 0 decays. This background mostly lies outside the interval in invariant mass that is fitted. body analyses is that the two-dimensional bins in the Dalitz plane are replaced by five-dimensional hypercuboids. Analysing 57 000 (Fig. 2a) . The bins are chosen such that cos(δ) is positive in regions A and C, and negative in regions B and D. If CP violation is induced by an amplitude with zero strong, and approximately constant CP -violating phase, the sign of cos(δ) determines the sign of the CP -violating asymmetry. An observable optimised for this case is constructed from the raw asymmetries A raw in each region through
The raw asymmetries include production, detection and background effects. To a good approximation, these effects cancel in A CP |S . The result, A CP |S = (−0.18 ± 0.17 stat ± 0.18 sys ) %, shows no sign of CP violation.
Binning around resonances in
Several methods have been adopted by BaBar in a search for CP violation in 
T-odd moments
An alternative method for finding CP violation in four body decays such as
− is based on constructing T -odd variables, i.e. variables that change sign under time-reversal (T ) [34] . For D 0 and D 0 decays respectively we define
These variables are also parity (P )-odd, which is relevant in so far as the P -reversed process with a sign change of all 3-momenta is directly accessible, while the T -reversed process, resulting in the creation of a D meson from
, is generally not. The asymmetry A T between C T > 0 and C T < 0, and its equivalent A T for D 0 events,
are parity violating observables, and A T ≡ 1 2
A T − A T is CP violating. Searches for CP violation in this manner have been carried out by BaBar in A T = (−72.1 ± 10.9 ± 10.7) · 10
where the first uncertainty is statistical, and the second systematic. 
, where we follow the convention for the CP operator used by HFAG, where CP |D 0 = −|D 0 , so that D 1 is CP even (see [21] for the impact of different conventions on the definition of x and y). The deviation of | q /p| from unity parametrises CP violation in mixing. CP violation in the interference between mixing and decay is parametrised by the phase φ D ; in the usual convention, this is the phase of q /p. 
Amplitude model-dependent analyses
where the first uncertainty is statistical, the second systematic, and the third represents the uncertainty due to the amplitude model dependence. The results assume no direct CP violation. As in previous measurements [38] [39] [40] 
Model independence and the charm threshold
The theoretical uncertainty on the amplitude model in multibody analyses potentially limits the precision that can be achieved in measurements of mixing-induced CP violation at LHCb and its upgrade, and at BELLE II. Model-independent methods tend to require input related to the relative phases of the D 0 and D 0 decay amplitudes. This information is accessible at the charm threshold [6, 7, 41] . This input is also important for measurements of the CP violation parameter γ in B ± → DK ± and related decays [1-5, 8, 11, 16-20] . The CLEO-c collaboration provides such input for
(for a recent update see Guy Wilkinson in these proceedings) and D 0 → K S K − K + [3] . Rather than seeing the dependence of charm mixing on charm coherence parameters as an obstacle to precision mixing measurements, it can in fact be used to constrain these coherence parameters and thus improve the charm input to the measurement of γ in B − → DK − and related decays. A recent study [21] , also discussed in Samuel Harnew's contribution to these proceedings [42] , indicates that with existing LHCb data, input from charm mixing can substantially reduce the uncertainties on the coherence parameters in D 0 → K + π − π + π − , with the potential to significantly improve the precision of future γ measurements.
Conclusion
CP violation in charm has unique sensitivity to physics beyond the Standard Model. Multibody analyses offer a rich phenomenology and unique sensitivity to CP violation, but also pose unique experimental and theoretical challenges. In these proceedings, we give a summary of recent experimental results, with impressive examples in terms the precision achieved, and the complexity of the analyses required to achieve it. In the face of rapidly increasing, high quality data samples, a potential limitation for future analyses is the theoretical uncertainty in the description of soft hadronic effects in multibody decays. Model-independent methods, many relying on input from the charm threshold, offer a way around this limitation in many cases. At the same time, work is ongoing to reduce the theoretical uncertainty in the description of multibody decays. The very rich phenomenology accessible in multibody charm decays, combined the prospect of large new data samples at LHCb (upgrade), BELLE II and at the charm threshold with BES III, justify considerable optimism for new and exciting results in multibody charm analyses in the near future.
